The authors investigate the capacity of multiple-input, multiple-output (MIMO) communication systems in line-of-sight (LoS). Under this scenario, the channel is normally rank deficient owing to the linear dependence of the LoS rays' phases on the receive elements. To overcome this problem, specifically designed antenna arrays can be employed, where the antenna elements are positioned in such a way as to preserve orthogonality; hence maximising the channel rank. To help in the design of such systems we derive the criterion for achieving maximum MIMO capacity in a LoS environment as a function of the transmit-receive separation distance, the array orientation and the inter-element spacings. We investigate the performance and the capacity sensitivity for a number of MIMO architectures using a Monte-Carlo simulation and a stochastic channel model. We then present a number of MIMO measurements performed inside an anechoic chamber and in an indoor office environment. Finally, our theoretic predictions are compared against the LoS measurements.
Introduction
It is well known that communication systems that make use of multi-element antenna arrays at both ends of the link can, in principle, offer an increase in spectral efficiency. This increase is proportional to the minimum number of transmit and receive elements [1] . In practice however, this increase is limited by the number of uncorrelated communication paths between the transmitter and receiver and the relative powers of the corresponding communication subchannels. In non-LoS environments, this corresponds to a minimum number of scatterers required to achieve capacities near the theoretic values of the independent and identically distributed (i.i.d.) Rayleigh fading model. However, if a LoS signal exists, this can dominate over the scattered signals and the effective channel rank is reduced (ultimately to one) owing to the linear dependence of the LoS rays' phases [2, 3] .
A number of investigations have shown that under some conditions, high MIMO capacities are achievable in LoS. In detail, it was found that it is possible to design antenna arrays with the elements of both arrays positioned so that the LoS rays are orthogonal, resulting in a full-rank MIMO channel [4, 5] . Moreover, in [6] a distributed-source model was presented as a way of calculating the capacity of LoS MIMO systems. This paper extends previous work in this area by formulating the criterion for maximum capacity in order to enhance the design of LoS communications systems.
The paper is organised as follows. Section 2 introduces the channel model and the capacity formula used throughout the paper. In Section 3, the maximum capacity criterion is presented for a MIMO system in free-space. This is expressed in terms of the positions and the orientations of arrays; firstly for a 2 Â 2 and secondly for an N t Â N r system with uniform linear arrays (ULAs). The capacity sensitivity of systems designed using the above criterion is investigated in Section 4. Section 5 presents the results of MIMO measurements performed in an anechoic chamber and an office environment. This data demonstrates the validity of the earlier theoretic work. Finally, conclusions are presented in Section 6.
Channel model and capacity
To investigate the capacity of MIMO systems in LoS, a suitable channel model is required. It is common for the MIMO channel response matrix to be modelled as
where H LoS represents the matrix containing the free-space responses between all elements and H NLoS accounts for the scattered signals [7] . The Ricean K-factor is equal to the ratio of powers of the free-space and the scattered signals.
In free-space, the complex response between a transmit element q and a receive element p is given by e Àjkdp;q =d p;q , where k represents the wave number and d p;q the distance between the two elements. Assuming that the relative differences in path-loss are negligible, the normalised freespace channel response matrix for an N t Â N r MIMO system can be written as Contrary to the LoS response, the response of the scattered signals is not deterministic and is usually modelled as a stochastic process. In detail, H NLoS is modelled as a C N r ÂN t matrix with normally distributed, zero mean i.i.d. elements of unit variance.
MIMO capacity
Assuming that the receiver has no prior knowledge of the channel, the capacity of a MIMO system can be calculated from
where I N r is the N t Â N r identity matrix, r is the average signal-to-noise ratio (SNR) at the receiver and 
where k Á k F corresponds to the Frobenius norm. In physical terms, this normalisation corresponds to a system with perfect power control [8] .
Maximum capacity criteria
Conventionally, an inter-element spacing of half a wavelength is considered to be adequate to avoid strong correlation between received signals in MIMO systems [9] . In LoS environments however, a spacing of this order usually results in highly correlated signals. In this Section we present the criteria for designing array architectures that maximise the rank of the LoS response. At this stage we ignore the effect of scattering, which is investigated in Section 4.
Maximum capacity criterion
From (3), it is clear that for a time-invariant MIMO channel the capacity is maximised when
If the above equation holds, all the eigenvalues of HH H are equal and therefore the determinant in (3) is maximised. In physical terms, this corresponds to a system where all the MIMO subchannels are orthogonal. Equivalently, the system can be seen as N r independent and non-fading single-input single-output (SISO) links.
The criterion of (5) can be expanded as
where h i corresponds to the ith row of H and p; q 2 f1; 2; . . . ; N r g. From (2), it is trivial to show that in free-space the first case of (6) is always true. Moreover, the second case of (6) can be written in terms of the interelement distances as
Simplified maximum capacity criterion for 2 Â 2 MIMO systems
To transform (7) into a more practical form, we first assume a 2 Â 2 array configuration. For this system, (7) becomes
which has infinite solutions given by
where k ¼ 2p=l, l is the wavelength and r 2 Z þ . Equation (9) gives the maximum capacity criterion as a function of the distances between the transmit and receive array elements. In Appendix 1, a more useful criterion is derived that can be directly applied to the design of maximum capacity MIMO arrays. For the configuration of Fig. 1 , and assuming N t ¼ N r ¼ 2, this is given by
where s 1 , s 2 correspond to the inter-element spacings at the transmit (T) and receive (R) arrays, D is the T-R separation distance and o, y correspond to the arrays'orientations. It should be noted that in this paper all angles are as defined in Fig. 1 .
Simplified maximum capacity criterion for N t Â N r MIMO systems
The previous simplified maximum capacity can be expanded to apply to any N t Â N r MIMO communication system using uniform linear arrays (ULAs). From the derivation in Appendix 2 we have It is interesting to note that the array length on both sides of the communication link is proportional to 1/N t , and therefore the required spacing per element decreases with increasing N t .
Sensitivity
The equations derived in Section 3 define a number of MIMO configurations that yield maximum capacity in pure LoS channels. These configurations correspond to fixed architectures that are not practical for applications that require coverage over an area, rather than to a specific point. In this Section we investigate the performance of systems designed using the maximum capacity criterion under a range of more realistic conditions. In detail, we examine the sensitivity of the capacity in the presence of scattering as a function of the inter-element spacing and the orientation of the arrays.
Inter-element spacing
From the simplified maximum capacity criterion, it is clear that the capacity of a MIMO system in LoS is directly related to the inter-element spacing. To investigate the sensitivity of the MIMO capacity to deviations from the optimum inter-element spacing, the capacity is evaluated using (3) as a function of the inter-element spacing on each array. For this study we assume a 2 Â 2 MIMO system operating in free-space at a carrier frequency of 5.2 GHz, a T-R separation distance D of 5 m, and parallel arrays
The minimum optimal spacing (i.e. the solution of (10) for r ¼ 0) for this configuration is 38 cm (6.6 l). Figure 2 presents the capacity against the interelement spacing of both arrays. It is obvious that in the region around the optimum spacings (i.e. near the peaks of the graph) the system performance is consistent, i.e. it does not vary rapidly with inter-element spacing. For example, capacities above 90% of the maximum capacity are achieved for element spacings between 25 cm and 47.5 cm. In practice, this implies that small deviations from the optimal spacing will not cause significant capacity degradation. It should be noted that the additional peaks in this graph correspond to higher order (i.e. for r ¼ 1, 2) solutions of (10) at s 1 ¼ s 2 ¼ 65.8 cm (11.4 l) and s 1 ¼ s 2 ¼ 84.9 cm (14.7 l).
Displacement and orientation
In detail, we assume the scenario where an access-point (AP) is positioned at a height of 5 m (i.e. D ¼ 5 m) above a mobile-terminal (MT), and that the latter moves over an area of 20 m 2 below the AP. In terms of the orientations in Fig. 1 , this system corresponds to the following configuration.
where D z , D y correspond to displacements from the optimal point on the z-y plane. Note, the inter-element spacing in both arrays is chosen so that the maximum capacity is obtained when the MT is directly below the AP (D z ¼ D y ¼ 0). The capacity of the system is calculated for y ¼ 01, 301, 601, 901 and the results are shown in Fig. 3 . Figure 3a demonstrates that the capacity falls away slowly as the MT moves away from the optimum location. Over an elliptical area of approximately 21 m Â 9 m the resulting capacity is 90% (or better) of the optimally located value. However, from Figs. 3b-d it becomes evident that the system capacity is highly sensitive to the orientation of the arrays (i.e., the angle y).
To remove this sensitivity, an adaptive structure comprising two 3-element Uniform Circular Arrays (UCAs) is proposed. With this configuration, the best two elements (on each array) are selected to maximise the capacity for any MT location and orientation. Using this method, at least one pair of transmit and receive elements can be found where the difference in angle y is less than or equal to 601. The capacity variation over the floor space for such a system is shown in Fig. 4 for y ¼ 01 and y ¼ 301. Note that owing to the symmetry of this configuration, the same results will apply when integer multiples of 601 are added to y. It is obvious that the capacity variation is very small for this adaptive configuration. However, this method requires an additional element in each array, together with the added complexity of element switching.
Multipath
The results presented in the previous Sections only considered the pure LoS component in the channel response. Even though at short ranges the LoS component will dominate over the scattered signals, in reality some degree of scattering is always present. Therefore, in order to evaluate the performance of our proposed system in a realistic LoS scenario, the effect of scattering on capacity needs to be considered. For this purpose, a large number of channel snapshots (10 000) were acquired from the stochastic channel model described in Section 3. A Monte Carlo simulation model was then used to evaluate the ergodic capacity of our test configurations as a function of the Ricean K-factor. The systems under study were: (a) a system with element spacings calculated from our maximum capacity criterion (s 1 ¼ s 2 ¼ 38 cm), and (b) a system with element spacings of l/2. For both systems a carrier frequency of 5.2 GHz, a T-R separation distance of 5 m, and f ¼ o ¼ y ¼ 90 are assumed. The capacity of these two systems as a function of K-factor is shown in Fig. 5 .
The results show that in the first case, the capacity increases monotonically with K-factor. However, for the second case the opposite is true, thus demonstrating the clear superiority of the proposed architecture over a conventional MIMO design. It is interesting to observe that the dynamic range of the capacity decreases with decreasing K-factor. In the limit (where K ¼ À N dB), for both cases the capacity equals the i.i.d. Rayleigh case.
MIMO measurements
In order to verify our theoretical capacity predictions, two sets of MIMO measurements were performed at 5.2 GHz. The first set of measurements was taken inside the University of Bristol' anechoic chamber (Fig. 6) . The second set was taken in an indoor office environment (Fig. 7) . In the anechoic chamber measurements there is virtually no scattering and the channel response closely approximates the free-space response used in Section 1. In the indoor environment, some degree of scattering exists and results similar to those predicted in Section 4.3 were expected. The measurement platform in both cases used the MEDAV RUSK BRI vector channel sounder (more details can be found in [10] ).
In both measurements, identical uniform linear transmit and receive arrays were used, composed of four dualpolarised patch elements separated by 38 cm. Note that for the purposes of our investigation, only elements (tx 2 , tx 3 and rx 2 , rx 3 ) are used and the aforementioned spacing corresponds to the first solution of (10), i.e. for r ¼ 0. Each measurement was performed at a T-R separation distance of 5 m with a fixed receive array (o ¼ 901), while the transmit array was rotated to one of seven angles between the vertical and horizontal position ( j ¼ 901, y ¼ 01, 151, 301, 451, 601, 751, 901). The MIMO channel response matrix was recorded for 1024 snapshots for each angle and was normalised in the post-processing stage using (4). Finally, the capacity was evaluated using (3) .
By rotating the array to a number of angles we were able to analyse the performance of the system at both optimal and suboptimal orientations. We were also able to verify the theoretical study of Section 4.2. The resulting capacities from the measurements, and from the free-space model, are shown in Fig. 8 against angle y.
For the anechoic chamber case, the measured capacities show very close agreement with the theoretical values from our geometric model (which assumes isotropic antenna elements). The small deviation can be attributed to minor inaccuracies in the positioning and orientation of the antenna elements. Despite these inaccuracies, capacities of around 99.7% of the maximum capacity were achieved. The highest deviation from the model was observed for y ¼ 01, which can be explained by the polarisation mismatch between the transmit and receive elements. This mismatch reduces the LoS ray power and therefore impacts on the K-factor value.
In the office measurements the increased scatter limits the dynamic range of capacities in a similar manner to Fig. 5 . In detail, the capacity near to the optimal angle was very similar to the theoretical maximum, whereas the capacity at the other extreme was similar to the i.i.d. Rayleigh capacity. Again, this can be explained by the polarisation mismatch between the two arrays. At this angle, the majority of the received cross-polar signal arrives from reflected waves and therefore the capacity approaches the i.i.d. Rayleigh capacity (11.4 bps/Hz at this SNR).
To clarify the effect of the polarisation on the power of the LoS signal, the K-factor was evaluated against angle y during post-processing using the method of [11] . The results are shown in Table 1 . In both environments, the K-factor was found to increase with increasing y owing to the aforementioned polarisation mismatch between the transmit and receive elements. In general however, the K-factors observed in the indoor environment were found to be sufficiently high to provide capacities near to the maximum limit for systems designed with the maximum capacity criterion (i.e. for yE901).
Conclusion
This paper has presented a method to achieve orthogonality between spatially multiplexed signals in MIMO systems operating in a LoS channel. The technique employs specifically designed antenna arrays. The criterion for achieving the maximum MIMO capacity in LoS was presented; thereby formulating a design methodology for structures that can achieve such capacities. The sensitivity of the capacity to displacements from the optimum location, and to deviations from the optimum inter-element spacing was studied by means of a geometric model. Moreover, the effect of the arrays'orientation on capacity was presented and a method to reduce the orientation sensitivity was proposed. The performance of the proposed structures was also investigated in the presence of scatter using a stochastic MIMO model and Monte Carlo simulations. The proposed system was shown to achieve a significant capacity enhancement compared to systems with smaller interelement spacing (especially at high K-factors). Finally, our theoretical work was verified with MIMO measurements taken in an anechoic environment and an indoor office environment. The theoretical and measured capacities were compared and shown to agree closely. The measured K-factors in the indoor environment showed that significant capacity gains are possible when optimal antenna configurations are used.
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